Fluorescing surface defects that led to damage upon 35 1-nm laser exposure below 7 J/cm2 (3-ns) in DKDP optics were reported in these proceedings by this group a year Subsequent laser damage experiments have conelated the density of these damage precursors to single-point diamond finishing conditions. Every diamond-fmishing schedule contains brittle-mode cutting and ductile-mode cutting in a taper-down sequence. Finishing experiments have traced the occunence of these defects to insufficient ductile-mode removal of subsurface damage incurred during prior brittle-mode cutting. Additionally, a correlation between defect fluorescence, laser-induced damage, and defect morphology has been established. Laser-induced damage tests also suggest a correlation between growth method and damage probability. Current experiments indicate that damage-prone defects can be minimized with the proper choice of diamond finishing conditions.
INTRODUCTION
The operation of large-aperture, high-peak-power lasers is often limited by laser-induced damage to the optical components. The surfaces of these optics are most susceptible to the accumulation of contamination and/or defects ( for example, during polishing or finishing), and localized damage can occur at the site of the contaminant or defect after absorption of the incident laser light.2'3 While a great deal of effort has been invested in improving the damage threshold of the optical surfaces4'5'6, some level of damage precursors inevitably remains. This has fueled the need for a non-invasive technique to identify damage precursor sites. Recently, Demos has developed such a technique using fluorescence microscopy. 1,7 This method exploits the hypothesis that damage precursors absorb and then reradiate light at longer wavelengths, which can be readily imaged using current CCD technology. Such a fluorescence system was employed for the purposes identifying surface damage precursors on DKDP crystals used in the harmonic conversion of 1 -tm radiation. The surfaces of these crystals are prepared using single-point diamond turning,8'9 which involves slowly translating the crystal across a high-speed flywheel equipped with a diamond tip designed to remove a very shallow layer of material upon each revolution. Accordingly, a set of grooves, or diamond-turning lines, can be observed upon close examination of the surface. Although largely proprietary, a great deal of effort has been aimed at finding cutting parameters (flywheel speed, depth of cut, etc.) that optimize the crystal surface finish in a reasonable amount of time.
Laser-induced (3 5 1 -nm) surface damage on a DKDP crystal was reported a year ago in these proceedings and was correlated to elliptical-shaped precursors identified using fluorescence microscopy, as shown in Figure 1 . In this paper, we examine the extent of these fluorescing precursors in other DKDP crystals, and employ dark-field and atomic-force microscopy in order to determine their nature and origin. Note that we do not address precursors in general in this paper, but limit ourselves to this specific kind of elliptically-shaped defect. 
DARK-FIELD MICROSCOPY
Using the experimental set-up described in Ref [1] , fluorescent defect sites were located on the surface of DKDP crystals. In order to further characterize their nature, these defect sites were subsequently examined under a darkfield microscope. Examples of dark-field images are shown in Figure 2 . Upon close examination, it was discovered that features similar to those found at the fluorescent sites occur elsewhere on the sample. These latter features, however, did not fluoresce nor damage upon subsequent laser irradiation. CCD camera (Princeton Instruments) by exciting the sample with 1 watt of 351-nm radiation. Filters are used to accumulate fluorescence data in the 400-800 nm range. Each image covers approximately 1 .4-mm x 1 .4-mm. The depth of focus of the imaging system, as well as the resolution of the images, is a few microns. Large (square) areas of a sample are mapped automatically by software that steps the sample in a serpentine pattern and records each image. These images are fed into another software program (IPLab) that was programmed to identify fluorescent defects. Identification of defects is specified by size (-4O-3O microns), eccentricity (> 0.90 generally), and orientation (perpendicular to diamond turning lines) ofthe fluorescent feature.
A subset of the crystals in Table 1 was damage tested using a 35 1-nm, 3.O-ns, 3-cm diameter laser source.
Locations of surface-damage sites could then be correlated to the locations of damage precursors. In general, a high correlation between surface damage and fluorescing defect was found, whereas the same could not be said for the non-fluorescing (but otherwise similar) defects. Table 1 indicates that damage in these crystals was limited to two rapid-growth crystals finished by Machine B and schedule G2, and two rapid-growth crystals finished on Machine A and schedule P. All crystals finished using Machine B but not schedule G2 are damage free, as are all conventional-growth crystals finished on Machine A and schedule P. These results suggest the diamond-finishing schedule and the method of growth play an important role in the creation of the fluorescent precursors.
SINGLE-POINT DIAMOND FINISHING
Single-point diamond turning of large KDP and DKDP crystals has been used extensively to produce high damage threshold surfaces while meeting crystal orientation, flatness, and other optical performance parameters. The
Appendix defines important concepts in diamond finishing that will be useful in understanding the possible cause of the fluorescent defects, such as feed per revolution (FPR), depth of cut (DOC), and chip thickness (CT). Crystal surfaces are finished using a particular cutting schedule that specifies values for these (and other) parameters.
An important concept in diamond finishing is that of ductile-vs. brittle-mode tt1° In order to finish a surface in reasonable time, each cutting schedule contains brittle-mode and ductile-mode cutting in a taper-down sequence;
see Figure 4 . Brittle-mode machining is used in the initial stages to control subsurface damage from previous operations. The brittle-mode material removal mechanism is tensile failure, so that pits and cracks are created at/near the surface. For the finishing schedules used in this work, the depth of brittle-mode damage is proportional to the chip thickness (which can be controlled by FPR andlor DOC). Ductile-mode machining is much slower than brittle-mode, and is used in the final stages of finishing. The material removal mechanism is shear, so that no pits or cracks are formed. In brittle materials, the ductile regime applies only to very small chip thickness.
Experiments were performed on small (2-inch) DKDP samples to investigate depth of damage vs. chip thickness. These samples were finished with a schedule designed to vary chip thickness, and depth of damage was determined by subsequently cutting a wedge (in the ductile mode) in the sample, and noting the depth at which no more damage was apparent under a microscope. Figure 5 shows a clear transition between ductile and brittle mode. In order to investigate the distribution of depth of the damage created, one of the wedged samples was used to quantify the number of (non-fluorescing) defects as a function of depth. This data shown in Figure 6 , indicates a maximum fracture depth of 20 tm.
The hypothesis for the origin of the fluorescent surface defects is that they derive from subsurface damage created during brittle-mode cutting which is not removed during subsequent ductile-mode cutting. In other words, the particular cutting schedule did not allow enough ductile-mode cutting in the final stages to remove all of the subsurface damage created during brittle-mode cutting during previous stages. The brittle-mode damage is created in the tensile wake of the diamond tool as it traverses the crystal surface.
Larger cuts n brittle mode to remove blank damage
Smaller cuts in ductile mode to remove brittle mode subsurface damage
Fine cuts in ductile mode to achieve roughness 
RELATIONSHIP BETWEEN CUTTING SCHEDULE AND FLUORESCENT DEFECTS
Using the experimental data relating chip thickness and fracture depth for a given finishing schedule, the amount of residual subsurface damage was calculated for each of the finishing schedules identified in Table 1 . For each pass on the finishing machine, the depth of damage and the total remaining material yet to be removed can be calculated. If the cumulative ductile material removal is greater than the depth of damage introduced during the previous brittlemode cuts, then the final distance from the subsurface damage to the finished surface will be positive -i.e. all brittle fracture should be removed. Conversely, if insufficient ductile material removal occurs, and then the distance from the subsurface damage to the finished surface is 'negative' -i.e. remnants of the damage remain. Table 2 shows a sample calculation for cutting schedule 'Ri '. Table 3 tabulates data for all the finishing schedules in this study and shows a strong conelation between the residual subsurface damage depth and the observed density of 'smile' fluorescent defects. 
DISCUSSION
As seen in Table 1 , the correlation between fluorescent defects and laser damage was limited to two rapid-growth crystals finished using schedule G2 on Machine B and two rapid-growth crystals finished using Schedule P on Machine A. No fluorescening defects damaged on the six conventional-growth crystals which were exposed to laser fluences up to 8 J/cm2 even though similar densities of fluorescing defects did provide laser damage precursors on rapid-growth crystals. Fluorescing defect densities appear similar for crystals machined by the same cutting schedule on the same machine from the same bulk material. For instance, 15-cm samples BD8-10 and BD8-4, and 5-cm sample BD8-8M were machined from the same rapid-growth boule (BD8), using finishing schedule P on Machine A, and all three crystals have -1 -2 fluorescing defects/cm2. 15-cm samples BD8-5 and BD8-8 which were machined from the same rapid-growth boule (BD8), but using a more aggressive finishing schedule on Machine B, have 2 -3 times the fluorescing defect density of the more conservatively finished BD8-4 and BD8-10. 1 5-cm sample BD8-9, finished using the most conservative schedule (greatest ductile-mode material removal below the expected depth of the brittle-mode induced damage) has the fewest fluorescing defects -more than ten times fewer defects than BD8-5 and BD8-8. These results are consistent with the hypothesis that the diamond-finishing schedule and the method of growth play an important role in the creation and damage-resistance of the fluorescent precursors.
CONCLUSION
A specific defect morphology that can lead to laser-induced surface damage on diamond-finished DKDP optics has been studied using optical and atomic force microscopy. Two varieties of such defects exist, those that fluoresce and those that do not. A high correlation between laser-induced damage and fluorescent defects in rapid-growth DKDP crystals has been observed. In this study, we have not observed laser-induced damage from fluorescing precursors in conventionally grown crystals. Also, fluorescent defects have been linked to a ruptured surface, whereas nonfluorescing defects exhibit no such rupture. It is proposed that the same mechanism that leads to fluorescence also couples the laser energy into the crystal and induces the laser damage. Experimental verification of the onset of brittle-mode removal and the depth of fractures produced by such removal techniques has proven valuable for predicting finishing schedules which produce laser-damage-resistant DKDP surfaces. Elimination of laser damage precursors involves proper finishing schedule management to assure sufficient ductile-mode cutting in the final finishing stages to completely remove damage generated in earlier brittle-mode fabrication steps.
11. APPENDIX A I was not involved in that, but one of my co-workers was more involved in the finishing. There are more issues too. The rake angle, certainly for the ductile mode cutting, when he refers to the rake angle, it is the angle of the diamond turning tip as you scrape it across; we have it at an angle. There are other issues, surface finish, and other parameters that they have to worry about too and they found that the 30 degree rake angle that they were using was the best. They've tried 45 and 90 and I think 30 is what they came up with as the overall best case.
Q Have you looked at any of the potential propagation modes for the microfractures from the grinding process and whether you are taking it down far enough from the ductile mode to eliminate the microfracture on the surface?
A We really haven't -it's sort of like how far do you have to go before you've gotten it all? We've just used really the florescence imaging to tell us ifthere's something there. There could be a whole lot of research going on to try to figure out what the contaminants are -that's what we are using for our quality assurance. If we don't see them, we say "that's good enough."
Q Ifyou really want to keep looking at that -there was a lot of work done with the control grind method for making optical lenses, etc. in which some of the early work went into the theoretical and physical basis ofthe nature ofthe various propagation mechanisms; there has been continuing work in this area. It goes back to the 40's and 50's I believe.
Q The last picture you showed without that damage at 8 joules -I was curious ofthat. Was the crystal rapidly grown or conventionally grown?
A That was a conventionally grown crystal.
Q And, do you see the same sort of thing on a rapidly grown crystal?
A Yes we do.
Q Can you emphasize how you perform florescence imaging?
A The florescence is performed with 351 nanometer light, at sort of a grazing incidence. We have a microscope objective and a CCD camera. The florescence itself shows a very broad band that peaks at about 550 nm. What you saw there was a collection of about 400 to 800 nm band florescence There is a publication in Applied Optics for that; much work has been reported in this area.
